A pproximately 3500 lung transplantations are performed annually around the world (1) . The number of patients on the lung-transplant waiting list in Germany increased continually up to 2011 and is still exceeding the number of transplantation procedures performed in any single year (2) . Since 2011, however, the number of organ donors has declined by nearly 30% (3) . Patients who have been put on the waiting list by a transplantation center are assigned donor lungs in an order specified by Eurotransplant. This process of transplant distribution is called "allocation."
Some patients waiting for lung transplantation have slowly progressive lung disease, but others are in rapidly worsening condition and should therefore be given higher priority in allocation. In 1990-1996, when lung transplants were allocated without any regard to the urgency of treatment in particular cases, nearly one in five patients on the waiting list died before a lung became available for transplantation (4) .
The German Transplant Law specifies that organs should be distributed in consideration of both medical urgency and the likelihood of therapeutic benefit. The previous system of waiting lists based on urgency and waiting time led to a situation in which more than twothirds of all transplants were performed in patients with an urgent or highly urgent status. The potential benefit of transplantation was not considered, and, within the large group of patients with an urgent status, allocation was performed exclusively on the basis of waiting time (2) .
In the USA, in May 2005, the allocation of lung transplants was changed from a waiting-time-based system to one based on the Lung Allocation Score (LAS) (5) . The latter was introduced in Germany as well on 10 December 2011 (6) . The LAS yields an estimate of the likelihood of survival within the following year on the waiting list and of survival one year after lung transplantation; these estimates are derived from a set of patientrelated variables. Patients with higher LAS scores are assigned a higher priority for lung transplantation because of their predicted higher likelihood of survival benefit.
In this study, we determined, 3 years after the introduction of the LAS in Germany, whether it had in fact led to increased survival of the patients on the waiting list (reflecting a shift of allocation toward more urgent cases) and to increased survival after lung transplantation (reflecting a shift toward those patients who benefit most from transplantation).
Method
We retrospectively analyzed the nationwide (German) data of Eurotransplant from the three-year periods before and after the introduction of the LAS.
Study population
All lung transplant candidates in Germany who were registered with Eurotransplant (ET) in the years 2009 to 2014 were included in the study. All lung transplantation procedures performed during this 6-year period were included in the analysis as well, and the survival status of the recipients was tracked until the end of 2015. The three-year periods 2009-2011 and 2012-2014 were compared. Even though the LAS was in fact introduced three weeks before the end of 2011 (on 10 December 2011), full-year periods were chosen in order to facilitate comparisons with the waiting-list and donor data of other Eurotransplant member countries. Heart-lung transplantations were excluded from the analysis because these were allocated according to the rules for heart transplantation.
Diagnoses
The patients were classified into 4 categories depending on their underlying disease: category A, obstructive airway diseases (e.g., chronic obstructive pulmonary disease [COPD]); category B, diseases of the pulmonary circulation (e.g., idiopathic pulmonary arterial hypertension); category C, suppurative lung diseases (e.g., cystic fibrosis [CF]); and category D, restrictive lung diseases (e.g., pulmonary fibrosis).
Allocation scheme
Before the LAS was introduced, donor lungs were allocated within the group of potential recipients of the appropriate body size and blood group in consideration of urgency above all, and then in consideration of the time already spent on the waiting list. The degree of urgency was classified as elective (T), urgent (U), or highly urgent (HU). Patients classified as not transplantable (NT) were not offered organ transplantation; only hospitalized patients were eligible for U or HU status. On discharge from the hospital, U and HU patients automatically reverted to status T. Assignments of U and HU status were made at Eurotransplant by three independent experts, after confirmation according to predefined criteria, upon the request of the transplant centers. In contrast, from 10 December 2011 onward, whenever more than one potential recipient of a suitable body size and blood group was available, donor lungs were allocated according to the LAS.
The LAS was calculated by Eurotransplant according to the guidelines of the German Medical Association (6), as described in the eBox. The LAS ranges from 0 to 100, with higher scores indicating higher urgency and greater likelihood of benefit.
Statistics
A retrospective explorative analysis was performed without null hypotheses or multiple testing. The demographic data relating to donors, recipients, and transplants were displayed as overall numbers and percentages or, for metric variables, as medians with 25% and 75% quartiles. Category variables were compared with the χ 2 test, continuous variables with the Mann-Whitney U test. Survival rates after lung transplantation (LTx) were plotted by the Kaplan-Meier method and compared with the log-rank test. 
Year

Results
Number of patients on the waiting list
The number of LTx candidates newly entering the waiting list remained unchanged in the three years before introduction of the LAS and the three years thereafter (1389 and 1350, respectively). The percentage of patients admitted to the waiting list because of restrictive lung diseases was higher after the LAS was introduced: 548 (41%) vs. 450 (32%), p<0.001. The number of active transplant candidates on the waiting list, i.e., those with a status other than NT at any given time, fell from 606 at the end of 2011 to 432 at the end of 2014; at these same times, the number of patients with status NT was 247 and 248, respectively. The median LAS of the active waiting-list cohort was 34 on 1 December 2014 (25% and 75% quartiles: 31 and 36), and the 90 th percentile was 40. 2.6% of patients had LAS scores of 50 or above on 1 December 2014.
In 2009-2011, a total of 1271 patients left the waiting list: 865 of them received transplants (68%), 306 died while waiting for a transplant (24%), and the remainder were taken off the list (8%). In 2012-2014, a total of 1454 patients left the waiting list: 1045 received transplants (72%), 226 died (16%), and 170 were removed from the waiting list for other reasons (12%). The hazard ratio for death within three years of entry to the waiting list, in a comparison of the period after the introduction of the LAS to the period before it, was 0.65.
Ninety-eight (32%) of the patients who died while on the waiting list in the period 2009-2011 were in status U or HU when they died, and 103 were in status NT (34%). In the period 2012-2014, 24 (11%) of the patients who died while on the waiting list had an LAS of 50 or above when they died, and 126 were in status NT (56%). Classified by category over the two periods, the number of patients in category D (mainly pulmonary fibrosis) who died while on the waiting list fell from 99 to 78; the number of deaths on the waiting list in category C (mainly cystic fibrosis) fell from 59 to 28, that in category B (pulmonary hypertension) fell from 33 to 21, and that in category A (typically COPD) fell from 106 to 98 (Figure 1 ).
Transplantations 865 lung transplants were performed in the 3 years before the introduction of the LAS (2009-2011), and 1045 in the 3 years after it (2012-2014): there was thus an increase of 20.8%. The overall number of organ donors fell by 29.5% in the second of these two periods, but the number of lung donors increased (Table) .
After the introduction of the LAS, the percentage of patients in category D rose from 31% to 46%, while the percentage in category A fell from 40% to 33%, and the percentages in categories B and C remained roughly constant (from 5% to 4%, and from 19% to 17%, respectively) ( Figure 2 ). The number of transplant recipients with alpha-1-antitrypsin deficiency fell from 53 (5.0%) before the introduction of the LAS to 24 (2.3%) afterward. Among all patients in category D, the number who had idiopathic pulmonary fibrosis (IPF) was 149 (17.2%) before the introduction of the LAS and 284 (27.2%) afterward. The number of patients with other interstitial lung diseases rose from 102 to 123, but the percentage remained constant (11.8% both before and after). The number of retransplants rose from 11 (1.3%) to 46 (4.4%), and the number of recipients with sarcoidosis rose from 
Rescue allocation
The percentage of transplantation procedures that were performed after rescue allocation was 27.9% in 2009-2011, before introduction of the LAS, and 36.5% in the three years afterward. Of the 343 organs transplanted in 2014 after the introduction of the "extended allocation" method (eBox), 199 (58%) were allocated primarily by LAS, 42 (12%) by extended allocation, and 102 (30%) by another accelerated allocation method. In both time periods (before and after the introduction of the LAS), 57% of the beneficiaries of rescue allocation were in category A. Patients whose transplants had been allocated primarily by LAS had higher LAS scores (median 46.9; 25% and 75% quartiles 39.6 and 63.2; p<0.001) than the beneficiaries of extended allocation (36.3; 33.5 and 41.5) or other steps in rescue allocation (34.2; 32.6 and 37.7).
Applications for an exceptional Lung Allocation Score
Applications for an exceptional Lung Allocation Score (eLAS) were made on behalf of 54 patients in 2012-2014 (5% of the total number of transplantations). One-third (n = 18) of these applications were for patients in category B, and another one-third (n = 18) for patients in category C. One-third (n = 18) of the applications were approved, although 56% of the exceptional LAS scores granted were lower than the ones originally requested.
Survival after lung transplantation
The rate of 1-year survival after lung transplantation was higher in 2012-2014 than in 2009-2011, even though more critically ill patients received transplants (Figure 3 ). Among patients in category A, the 1-year survival rates before and after the introduction of the LAS were 79.4% and 85.8% (p = 0.022). There were fewer patients (only 90) in category B, in which a fall in the 1-year survival rate was observed (from 83% to 73%) but was not significant (p = 0.257); an apparent rise in 1-year survival among patients in category C (from 82.6% to 87.3%) was not significant either (p = 0.221). Among patients in category D, the introduction of the LAS was associated with a significant rise in 1-year survival from 67.4% to 78.3% (p = 0.001).
Discussion
In the first three years after the introduction of the Lung Allocation Score in Germany, the mortality of transplant candidates on the waiting list for lung transplantation decreased by one-quarter. Patients with obstructive airway diseases received transplants less often, and those with restrictive lung diseases received transplants more often (this was mainly true of patients with idiopathic pulmonary fibrosis). Survival after lung transplantation was also somewhat better after the introduction of the LAS.
Since the initial implementation of the LAS in the USA in May 2005, many reports have been published concerning its effects on the patients on the waiting list, transplantation activity, and the outcomes of transplantation (7) (8) (9) (10) (11) (12) (13) . The positive American experience encouraged the decision-makers in Germany to replace the previous system of allocation by waiting time and urgency of transplantation with a system based on the LAS, which they did in 2011. In the USA as in Germany, the volume of transplantation was higher after the LAS was introduced, and fewer patients died in both countries while waiting for a transplant each year (13) .
In Germany, before the introduction of the LAS, more than two-thirds of patients had either status U or status HU, with the result that, in effect, transplants were allocated by waiting time alone among the large group of patients whose status was urgent. A similar situation obtained in the USA; in both countries, this fact accounts for the decline in mortality after the introduction of the LAS. In Germany, where the maximal distances are shorter, nationwide allocation became possible once the LAS was introduced, while allocation in the USA remained local even under the LAS-based system. It has been found that 53% of the lungs transplanted in the USA were allocated locally (within one of 58 defined local areas), while, for each local allocation, there were at least 6 potential recipients with higher LAS scores in the wider surrounding region (of which 11 were defined, covering the whole country) (14) . The relatively stronger reduction of mortality on the waiting list in Germany, as compared to the USA, after the introduction of the LAS can be accounted for by the German system of nationwide allocation. The median LAS of transplant recipients in Germany is somewhat higher than in the USA (41 vs. 40) (15) . This difference may also be attributable to the primarily regional allocation of lung transplants in the USA (14) .
Despite these basic differences, another common trend was seen in Germany and the USA after the introduction of the LAS, namely toward more frequent lung transplantation in patients with restrictive lung diseases (12) and in critically ill recipients (9, 10, 16) . In Germany, the median age of lung-transplant recipients rose by 2 years in the 3 years after the introduction of the LAS. In the USA, patients over age 65 are the most rapidly growing group of transplant recipients (12) .
The declining numbers of new entries of patients onto the waiting list, and the declining percentage of patients in category B among transplant recipients (most recently only about 5%), are both due to improvements in medical treatment (1) . There was an earlier report of increased mortality on the waiting list among candidates with pulmonary hypertension (7), but an updated analysis of a larger cohort showed the opposite (11), as do the German data. Category B was the only one in which survival after lung transplantation was worse after the introduction of the LAS than before. This may reflect the increased use of extracorporeal techniques.
Over the period of observation, there has been an increase in the percentage of patients treated with mechanical ventilation and/or extracorporeal techniques. Most of this increase is accounted for by the extracorporeal techniques-a trend that has been observed in the USA as well (17) . These patients have a poorer chance of survival after lung transplantation, but the LAS gives them preferential access to transplantation because of the more highly weighted consideration of the urgency of treatment. The outcomes of transplantation in patients receiving extracorporeal support in Germany seem to be markedly worse than in the USA. More than twice as many patients in this group received lung transplants in Germany (13% vs. 6.4%) (18) .
The increasing use of rescue allocation methods and the rise of the median donor age from 46 to 50 after the introduction of the LAS are due to the extended criteria for donor lungs in the transplantation centers and are the main factors that account for the increasing numbers of transplant procedures carried out over the period of observation. In our view, this development is not related to the introduction of the LAS as such. The increasing number of donors from outside the country can also be explained by the expansion of donor criteria during the period after the introduction of the LAS.
The LAS has been in longer use in the USA than in Germany, and accordingly far more patients have been treated in the USA than in Germany since the introduction of the LAS. The opportunity to develop the LAS further ("LAS plus" [19] ) will depend largely on the degree of reliability with which the transplantation centers record the additional patientrelated parameters of the candidates on the waiting list.
Overview
The implementation of the LAS-based allocation system in Germany has led to a decrease in mortality on the waiting list and to more transparency in the process of organ allocation. Survival after lung transplantation has improved. In the future, further patient-related parameters (e.g., cardiac index, bilirubin concentration, exacerbations) should be registered by the transplantation centers and analyzed so that the model can be optimized. There should also be improved quality assurance of the data that are recorded. The American LAS model of 1 January 2010 is used. The LAS is a composite of 17 variables (see below), which are given different weightings to estimate both the patient's likely survival time on the waiting list and the patient's likely survival time after lung transplantation. The complete computational model and an illustrative computation are given in the guideline (6) . In Germany, unlike in the USA, there is no overarching regional allocation system. The LAS must be calculated for patients of other Eurotransplant (ET) member countries as well, in order to enable organ exchange across national borders. An LAS of 50 or above is called "high." According to the Eurotransplant rules, lungs are first offered to patients with a high LAS in another ET member country that has a negative organ trade balance with respect to the country of the donor.
I
The LAS ranges from 0 to 100. Candidate recipients under age 12 are automatically given an LAS of 100. The LAS model has not been validated for this age group.
The LAS is calculated on the basis of the following parameters (6) The centers are required to update each patient's LAS every three months if the last LAS was below 50. For patients with an LAS of 50 or above, the LAS must be updated every 14 days. The LAS can be calculated on the Eurotransplant website (www.eurotransplant.org/cms/index.php?page=las_calculator).
In cases where donor lungs cannot be allocated according to the standard procedure (e.g., if the offer of an organ has already been declined by three or more different centers, or in case of impending organ loss because the donor is medically unstable), a provision has been made for a rescue allocation procedure, by which the organ in question can be offered to multiple transplantation centers in a short period of time. The candidates for transplantation via rescue allocation are determined by decision of the transplantation centers themselves. Since December 2013, "extended allocation" has been the first step in the rescue allocation procedure in cases where standard allocation is not successful. In the extended allocation procedure, multiple centers in the region of the coordinating center of the donor organ are allowed to name suitable candidates. Eurotransplant then offers the organ to the candidate with the highest LAS.
